Janssen PM. Effects of dietary omega-3 fatty acids on ventricular function in dogs with healed myocardial infarctions: in vivo and in vitro studies.
THE CARDIOVASCULAR BENEFITS of dietary omega-3 polyunsaturated fatty acids (n-3 PUFA) have been actively investigated for over 30 years. In the late 1970s, Dyerberg et al. (23) documented that age-adjusted mortality from myocardial infarction (MI) among the Greenland Inuit was ϳ10 to 40% of that noted for Danes, despite similar consumption of dietary fat and cholesterol. Dietary analysis revealed that most of the fat and calories in the Inuit diet were from fish and marine mammals rich in long-chain n-3 PUFAs, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), whereas typical Western diets contain twice as much saturated fatty acids and more n-6 PUFAs (2). This initial observation has been confirmed by numerous epidemiological studies that provide further evidence for a strong inverse relationship between fatty fish consumption and cardiac mortality (18, 38, 41) . In contrast to these observational studies, interventional studies using n-3 PUFAs for the secondary prevention of adverse cardiovascular events in patients recovering from MI have yielded conflicting results (14, 15, 43, 69) . The Diet and Reinfarction Trial (DART) (14) and Gruppo Italiano per la Sperimentazione della Streptochinasi nell'Infarto Miocardico (GISSI)-Prevenzione trial (43) reported 10 to 20% reductions in all-cause mortality with up to a 45% reduction in sudden cardiac death (43) . In marked contrast, the DART-2 study (15) reported that n-3 PUFAs increased, rather than decreased, all-cause mortality (26% increase over a 9-yr follow-up period, with a 54% increase sudden cardiac death), whereas the Japan Eicosapentaneoic Acid Lipid Intervention (JELIS) found that EPA supplements did not alter either sudden death or fatal MI despite decreasing nonfatal coronary events (69) . Meta-analyses of trials in which subjects ingested either fish or fish oil supplements also yielded inconsistent results; some studies reported a reduced cardiovascular mortality (39, 70) , whereas others did not find a reduced risk for sudden death (12, 35 ). An explanation for these conflicting results remains largely to be determined.
The acute application of n-3 PUFAs to cardiac myocytes has been shown to alter intracellular calcium handling by inhibiting both sarcolemmal calcium entry via the L-type calcium channels (24, 33, 67) and calcium release from the sarcoplasmic reticulum (34, 49, 52, 60) . Dietary n-3 PUFAs have also been shown to alter intracellular calcium dynamics. Coronel and coworkers (64) found that myocytes from healthy pigs fed diets enriched with fish oil exhibited decreased L-type calcium (Ϫ15%) and sodium/calcium exchanger currents (Ϫ60%). Since calcium is critical for excitation-contraction coupling, these alterations in calcium homeostasis could provoke reductions in myocardial contractile performance that become particularly important in patients with compromised cardiac function. As such, it is possible that the consumption of n-3 PUFAs could reduce ventricular function and thereby increase the risk for adverse cardiac events in patients in whom cardiac function had been compromised by MI (13) . Indeed, calcium channel antagonists have been shown to increase mortality in post-MI patients with left ventricular (LV) dysfunction (11, 28) . The effects of n-3 PUFA supplements on ventricular function, particularly following MI, have not been extensively investigated.
It, therefore, was the purpose of this series of studies to investigate the effects of dietary n-3 PUFAs on ventricular function in animals with healed anterior wall MI. In particular, the hypothesis that n-3 PUFA treatment could dose-dependently alter ventricular contractile function was tested using a canine model of MI. Echocardiography was used to evaluate LV function in vivo, whereas in vitro studies were performed on isolated right ventricular trabeculae and LV myocytes. Surgical preparation. Fifty-three heartworm-free mixed-breed dogs (2 to 3 yr old; male, n ϭ 20; and female, n ϭ 33) weighing 19.0 Ϯ 0.4 kg (range, 13.6 -24.1 kg) were used in this study. The animals were anesthetized and instrumented as previously described (3, (5) (6) (7) (8) (9) 36) . Briefly, 24 h before surgery, a transdermal fentanyl patch that delivers 100 g/h (Duragesic, Jansen Pharmaceutical, Titusville, NJ) was placed on the left side of the animal's neck and secured with tape. On the day of surgery, the dogs received 15 mg (1 ml im) morphine sulfate (Elkins-Sinn, Cherry Hill, NJ) and thiopental sodium (20 mg/kg iv; Baxter Healthcare, Glendale, CA) to induce anesthesia. The dogs were intubated and a surgical plane of anesthesia was maintained by the inhalation of isoflurane (1 to 1.5%, Baxter Healthcare). With the use of strict aseptic procedures, a left thoracotomy was made in the fourth intercostal space. The heart was exposed and supported by a pericardial cradle. The left anterior descending coronary artery was isolated, and a two-stage occlusion of this artery was then performed approximately one-third the distance from its origin. This vessel was partially occluded for 20 min and then tied off. The ligation of this vessel produced an anteriolateral MI [ϳ16% of LV mass (3)] from the region below the level of the papillary muscles to the apex. The infarction was confined to the mid-to the endocardial layers of the heart (i.e., was usually not transmural). A similar surgery was performed in five additional dogs (1 male, and 4 female; 19.8 Ϯ 1.3 kg; range, 16.8 -22.7 kg) with the exception that the left anterior descending was dissected from the surrounding tissue but was not ligated (sham operated, no MI control group).
METHODS

All
In addition to the fentanyl patch described above, morphine sulfate (1.0 mg/kg sc) was given as needed to control any postoperative pain. The long-lasting local anesthetic 0.25% bupivacaine-HCl (Abbott, North Chicago, IL) was injected in each of three sites (0.5 ml) to block the intercostal nerves in the area of the incision to minimize discomfort to the animals. Each dog was placed on antibiotic therapy (amoxicillin, 500 mg po, Teva Pharmaceuticals, Sellersville, PA) twice daily for 7 days. The animals were placed in a quiet recovery area and were returned to their home kennel once the effects of the anesthesia had dissipated. To minimize the incidence of arrhythmias, the dogs received lidocaine-HCl (100 mg im; Elkin-Sinns) before surgery, which was supplemented (60 mg iv) before each of the two stages of the coronary occlusion. The dogs also received procainamide-HCl (500 mg im; Abbott) before the surgery.
Dietary n-3 polyunsaturated fatty acid protocol. As noted in Surgical preparation, 53 dogs underwent surgery; 10 (18.9%) of these animals died within 72 h of the MI. Thus 43 dogs that survived MI were randomly assigned to one of the following groups: placebo (n ϭ 16), 1 g/day n-3 PUFA (n ϭ 7), 2 g/day n-3 PUFA (n ϭ 8), or 4 g/day n-3 PUFA (n ϭ 12). The five sham-operated (no MI) dogs received 4 g/day. All the n-3 PUFA-treated dogs were given supplements similar to those used in the GISSI-Prevenzione study (20, 26) . The n-3 PUFA group received 465 mg ethyl eicosapentaenoate, EPA ϩ ethyl docosahexaenoate, DHA, 375 mg per capsule (Lovaza, GlaxoSmithKline, Research Triangle Park, NC). Thus the 1 g/day group received one capsule per day, whereas the 2 g/day-and the 4 g/day-treated groups received two and four pills per day, respectively. The placebo was corn oil (1 g, 58% linoleic acid ϩ 28% oleic acid). The capsules were given per os before the daily feeding (between 8:00 AM and 10:00 AM each day, 7 days/wk). Six dogs died suddenly during the 3-mo feeding study: placebo, n ϭ 2; and n-3 PUFA, n ϭ 4 (MI group: 1 dog with 1 g/day; 2 dogs with 4 g/day; and sham operated, 1 dog with 4 g/day). Thus the dogs included in the final evaluation were placebo, n ϭ 14; 1 g/day, n ϭ 5; 2 g/day, n ϭ 8; 4 g/day, n ϭ 10; and sham operated (no MI) 4 g/day, n ϭ 4.
Red blood cell and cardiac tissue fatty acid analysis. Fasting blood samples (5 ml) were drawn into EDTA tubes from a cephalic vein between 8:00 AM and 9:00 AM at the following times points: 1 day before treatment; 1, 2, 4, 8, and 12 wk during treatment; and when tissue was harvested at the end of the study (ϳ14 wk after the treatment began). Right atrial (RA), LV, and LV infarction tissues were obtained when the hearts were harvested. The infarction (scar) was visually identified and carefully dissected from the surrounding healthy tissue. A central portion of the scar that was free of any healthy muscle tissue (i.e., contained no red areas) was used for the lipid analysis. The tissue and red blood cells (RBCs) were flash frozen in liquid nitrogen and stored at Ϫ80°C for future analysis.
RBCs and phospholipids from cardiac tissue were analyzed for fatty acid composition using previously described techniques (10, 45) . The samples were analyzed by gas chromatography using a GC2010-FID (Shimadzu, Columbia, MD) equipped with a 100-mm capillary column (SP-2560, Supelco, Bellefonte, PA). The fatty acids of interest were identified by a comparison with known standards and expressed as a percentage of total fatty acids. The coefficient of variation for the RBC EPA ϩ DHA assays was Ͻ5%.
Echocardiography. Echocardiography was performed 3 to 4 wk after surgically induced MI. Data were obtained the day before oil treatments began (pre) and at the end of the 3-mo treatment period (post). Echocardiograms were recorded in five of these dogs 1 wk before and 4 wk after the MI. Two-dimensional, M-mode (GE Vivid-7 Echocardiograph System, 3-MHz sector transducer, GE Vingmed Ultrasound, Horten, Norway) was performed on sedated (butorphanol 0.2 mg/kg iv, Mylan, Canonburgs, PA) dogs on a customized table. M-mode and two-dimensional images were used to assess LV systolic and diastolic function. All measurements were made in triplicate and averaged by a single investigator (Y. Nishijima).
Heart rate variability protocols. Before the echocardiography studies, the animals were transported (between 8:00 AM and 10:00 AM) to the laboratory and placed in a harness that restricted movement. Body surface electrodes were placed in the standard configuration, and an electrocardiogram (lead II) was recorded. This procedure was repeated for 5 days. Data were obtained on the fifth day (when the animals had become habituated to the laboratory environment) for the heart rate variability analysis. At least 5 min of data were recorded during each session. Heart rate variability was obtained using a Delta-Biometrics Vagal Tone monitor (Urbana, Champaign, IL). This device employs the time-series signal processing techniques as developed by Porges (54) to estimate the amplitude of respiratory sinus arrhythmia. Details of this analysis have been described previously (5) . Briefly, the ECG signal was digitized at 1 kHz, and sequential R-R intervals were timed to the nearest millisecond. The nonperiodic baseline fluctuations were removed using a moving third-order 21-point polynomial function. This procedure prevented leakage of trends and harmonics of nonsinusoidal periodic activity (i.e., transient changes) into the frequency component of interest (0.24 to 1.04 Hz). Once this "filtering" procedure had been performed, the output of the moving polynomial was processed with a digital band-pass filter to extract the variance in the 0.24-to 1.04-Hz frequency band. The variance measure was then transformed into its natural logarithm to "normalize" the distribution of the variance estimates to limit the impact of large differences (i.e., outlying values). Data were averaged over 30-s intervals, and the following indexes of heart rate variability were determined: vagal tone index, the high-frequency (0.24 to 1.04 Hz) component of R-R interval variability, and the standard deviation of the R-R intervals for the same 30-s time period. The studies were performed both before and at the end of the 3-mo treatment period.
Trabeculae studies. At the end of the 3-mo treatment period, the hearts were excised and rapidly flushed with cardioplegic solution (59) . Since myocytes were prepared from the LV, small (average width, ϳ200 m) nonbranching linear right ventricular trabeculae were dissected and used for the assessment of the effects of dietary n-3 PUFA on in vitro contractile function. Muscles were then mounted into the setup as previously described for rabbit muscle (63) and stimulated at 1 Hz (3-ms duration at 120% threshold) while being perfused with an oxygenated Krebs-Henseleit solution containing 2 mM calcium. Muscles were stretched until an increase in passive (diastolic) force was no longer accompanied by a substantial increase in developed force, representing optimal length, and were allowed time to equilibrate at 37°C (ϳ20 min). The Frank-Starling mechanism was then assessed by measuring developed force during steady state at 85, 90, 95, and 100% of optimal length. At optimal length, the muscles were next stimulated at 1, 2, 3, 4, and 5 Hz, and force was recorded when the muscle had equilibrated at each frequency. After this protocol, the muscle was returned to 1 Hz. The third protocol assessed the ␤-adrenoceptor responsiveness by the generation of an isoproterenol dose-response curve, obtained in semi-log steps between 1 nM and 1 M.
Force development was normalized to the cross-sectional area of the trabeculae to allow for a comparison between muscles of different diameters. The average dimensions of the trabeculae were not different between groups. Twitches were recorded at each experimental condition upon stabilization of developed tension. Data from 14 placebo-and 20 n-3 PUFA (5 1 g/day, 5 2 g/day, and 10 4 g/day)-treated dogs were collected and analyzed using custom-designed software (LabView, National Instruments, Austin, TX).
Myocyte calcium currents and calcium transient studies. Myocytes were isolated from LV midmyocardial wall from placebo-and only the 2 g/day n-3 PUFA-treated dogs by using techniques as previously described (59) . Calcium currents were recorded using whole cell patch clamp with Axopatch 200B amplifier (Axon Instruments) (59) . The external solution contained (in mM) 140 NaCl, 5.4 CsCl, 2.0 CaCl2, 0.5 MgCl 2, 10 HEPES, and 5.6 glucose (pH 7.4). Patch pipettes were filled with a solution that contained (in mM) 123 CsCl, 20 tetraethylammonium chloride, 5 MgATP, 10 NaCl, 1 MgCl2, 0.1 Tris-GTP, 10 HEPES, and 0.1 Fluo-3 K-salt (Molecular Probes) (pH 7.2). Calcium current was evoked with 300-ms steps from Ϫ50 to indicated potentials every 5 s. The peak response was also determined in the presence of 100 nM isoproterenol, a ␤-adrenoceptor agonist. Cytosolic calcium transients were recorded using an Olympus Fluoview 1000 confocal microscope in line-scan mode. Fluo-3 was excited by the 488-nm line of an argon-ion laser, and the fluorescence was acquired at wavelengths Ͼ 510 nm. All studies were performed at room temperature.
Data analysis. All the data are presented as means Ϯ SE. The echocardiography, trabeculae, myocyte (i.e., calcium current and calcium transient amplitude), and RBC fatty acid data were analyzed using a two-factor mixed-design ANOVA with repeated measures on one factor. For example, the trabeculae data were evaluated using a two-factor [omega-3 dose (4 levels) ϫ length (4 levels) or frequency (5 levels) or isoproterenol dose (7 levels)] mixed-design ANOVA with repeated measures on one factor (length or frequency or isoproterenol dose). Homogeneity of covariance (sphericity assumption, equal correlates between the treatments) was tested using Mauchley's test and, if appropriate, adjusted using Huynh-Feldt correction. Cardiac tissue lipid compositions were compared using a one-way ANOVA. Post hoc comparisons were made using Tukey-Kramer multiple comparison test. Linear regression was used to evaluate the relationship between RBCs and cardiac tissue n-3 PUFA levels. The data were analyzed using Number Crunching Statistical Software (NCSS) statistical software (Kaysville, UT).
RESULTS
Effect of n-3 PUFA on RBCs and cardiac fatty acid content.
The RBC and the cardiac tissue n-3 PUFA content are displayed in Fig. 1 and Table 1 , respectively. The n-3 PUFA supplements produced significant (dose effect, P Ͻ 0.0001) dose-dependent increases in the RBC membrane EPA (Fig. 1A) and DHA (Fig. 1B) content, as well as increasing the sum of EPA ϩ DHA [the omega-3 index (29), Fig. 1C ]. All three n-3 PUFA doses produced significant (time effect, P Ͻ 0.0001) increases by 7 days of treatment with peak values achieved between 8 and 12 wk of treatment. In contrast, n-3 PUFA content did not change over time in the placebo-treated animals. Interestingly, the 4 g/day dose of n-3 PUFA elicited an increase by 7 days of treatment that was higher than the peak values achieved by either the 1 or 2 g/day n-3 PUFA supplements (dose ϫ time interaction, P Ͻ 0.0001) . Similarly, RA, LV, and infarction EPA levels; DHA levels; and the omega-3 index were all significantly (dose effect, P Ͻ 0.0001) higher in a n-3 PUFA dose-dependent manner (Table 1) . No significant differences in the n-3 PUFA concentrations were noted between the RA, LV, or infarcted regions of the heart (e.g., LV vs. RA; P ϭ 0.212). The RBC omega-3 index exhibited a strong positive correlation (LV, y ϭ 0.94x ϩ 0.91, r 2 ϭ 0.82, correlation coefficient ϭ 0.91; RA, y ϭ 1.21x ϩ 0.75, r 2 ϭ 0.87, correlation coefficient ϭ 0.93; and infarction, y ϭ 0.88x ϩ 1.00, r 2 ϭ 0.75, correlation coefficient ϭ 0.87) with cardiac tissue n-3 PUFA content (Fig. 2) . Each milligram per kilogram of DHA ϩ EPA ingested produced a corresponding increase of roughly 0.03-0.05% in the n-3 PUFA content of RBCs and cardiac tissue.
Effect of n-3 PUFA on LV function. Previous studies demonstrated that the MI procedure used in the present study did not alter baseline ventricular function as assessed by either direct measurement of LV pressure (3, 8) or echocardiography (3, 9, 36, 59) . In agreement with these previous studies, left anterior descending ligation did not induce heart failure in any dog in the present study. Indeed, LV function was not altered by MI in dogs (n ϭ 5) in which echocardiographic data were obtained before and after MI (e.g., fractional shortening: pre-MI, 41.9 Ϯ 2.7 vs. post-MI, 41.6 Ϯ 1.7%; LV systolic diameter: pre-MI, 2.56 Ϯ 0.12 vs. post-MI, 2.52 Ϯ 0.13 mm; and LV diastolic diameter: pre-MI, 4.30 Ϯ 0.17 vs. post-MI, 4.34 Ϯ 0.29 mm). Furthermore, neither placebo nor n-3 PUFAs treatment significantly altered LV fractional shortening (treatment effect, P ϭ 0.16; pre-post effect, P ϭ 0.68; and treatment ϫ pre-post interaction, P ϭ 0.43), LV internal diastolic diameter (treatment effect, P ϭ 0.83; pre-post effect, P ϭ 0.97; and treatment ϫ pre-post interaction, P ϭ 0.42), or LV internal systolic diameter (treatment effect, P ϭ 0.15; pre-post effect, P ϭ 0.19; and treatment ϫ pre-post interaction, P ϭ 0.40) (Table 2) during the 3-mo time course of the study; i.e., no LV function variable changed over time. In contrast, all three n-3 PUFA treatments significantly (P Ͻ 0.05) reduced heart rate in a dose-independent manner, whereas heart rate did not change in the placebo group.
Effect of n-3 PUFA on heart rate variability. The effects of the n-3 PUFA treatment on baseline heart rate and heart rate variability can be found in Table 3 . The n-3 PUFA treatment significantly (pre-post effect, P Ͻ 0.001) reduced heart rate irrespective of the dose (i.e., there was no dose effect, P ϭ 0.67, or dose ϫ pre-post interaction, P ϭ 0.15). In contrast, heart rate was not altered in the placebo-treated animals. In a similar manner, n-3 PUFA treatment elicited significant increases in heart rate variability. For example, the high-frequency component (0.24 to 1.04 Hz) of the R-R interval variability increased significantly (pre-post effect, P Ͻ 0.001) following all three doses of the n-3 PUFA, whereas this variable did not change in the placebo-treated animals. As with heart rate, the increase in heart rate variability occurred independently of the dose (dose effect, P ϭ 0.74; dose ϫ pre-post interaction, P ϭ 0.13). Similar changes were noted in the sham-operated (no MI) dogs treated with 4 g/day n-3 PUFA (see Table 3 ).
Effect of n-3 PUFA on right ventricular trabeculae function. The effects of the n-3 PUFA on the length-tension (i.e., Frank-Starling mechanism) for isolated right ventricular trabeculae are displayed in Fig. 3A . As expected, stretching the muscle fibers elicited significant (length effect, P Ͻ 0.001) increases in the active force development. However, changes in active tension, induced by increasing muscle fiber length, were similar in all the treatment groups (i.e., no significant dose effect, P ϭ 0.96; or dose ϫ length interaction, P ϭ 0.99).
The effects of the n-3 PUFA on the force-frequency relationship for isolated right ventricular trabeculae are displayed in Fig. 3B . As expected, increasing the simulation rate (frequency) of the muscle fibers elicited significant (frequency effect, P Ͻ 0.001) changes in the active force development. However, no differences in active tension, induced by increasing the stimulation rate of the muscle fibers, were noted between any of the treatment groups (i.e., no significant dose effect, P ϭ 0.99; or dose ϫ frequency interaction, P ϭ 0.99). Fig. 1 . Effect of increasing doses of omega-3 polyunsaturated fatty acid (n-3 PUFA) supplements on red blood cell (RBC) fatty acid content. A: effect on RBC eicosapentaenoic acid (EPA) content. B: effect on RBC docosahexaenoic acid (DHA) content. C: effect on the RBC omega-3 index (i.e., EPA ϩ DHA). Note that the n-3 PUFA content increased significantly after 1 wk of supplementation, and peak values were reached between the 8th and 12th week of treatment. The final blood sample was collected when the cardiac tissue was harvest (ϳ14 wk after the treatment began). All values are reported as the percent n-3 PUFA in the total phospholipid content. Placebo, n ϭ 6; 1 g/day, n ϭ 7; 2 g/day, n ϭ 8; and 4 g/day, n ϭ 12. Every time point for each n-3 PUFA dose was significantly (*P Ͻ 0.01) different from the corresponding placebo time point, except at baseline (i.e., before treatment began). Values are means Ϯ SE and are reported as the %omega-3 polyunsaturated fatty acids (n-3 PUFA) in the total phospholipid content. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; OMX, omega-3 index. Placebo, n ϭ 6; 1 g/day, n ϭ 7; 2 g/day, n ϭ 8; and 4 g/day, n ϭ 12. *P Ͻ 0.01, placebo vs. a given dose of n-3 PUFA.
Finally, the positive inotropic effects of isoproterenol are displayed in Fig. 3C . As expected, isoproterenol provoked significant (isoproterenol effect, P Ͻ 0.001) dose-dependent increases in active force development. However, no differences in the response to isoproterenol were noted between any of the treatment groups (i.e., no significant dose effect, P ϭ 0.88; or dose ϫ isoproterenol interaction, P ϭ 0.99).
Effect of n-3 PUFA on myocyte calcium currents and calcium transients. The effects of the n-3 PUFA treatments on calcium handling on acutely isolated voltage-clamped myocytes are displayed in Fig. 4 . There were no differences in either peak calcium current density (treatment effect, P ϭ 0.27; or treatment ϫ voltage interaction, P ϭ 0.25) or the corresponding calcium transient amplitudes (treatment effect, P ϭ 0.24; or treatment ϫ voltage interaction, P ϭ 0.16) in the placebo and the n-3 PUFA groups. The peak calcium current density (at 0 mV) was Ϫ3.7 Ϯ 0.4 in the placebo (n ϭ 8) and Ϫ3.4 Ϯ 0.3 pA/pF in the n-3 PUFA (n ϭ 9) groups, whereas the corresponding calcium transient amplitudes were 1.1 Ϯ 0.1 in placebo (n ϭ 8) and 1.4 Ϯ 0.2 ⌬F/F 0 in n-3 PUFA (2 g/day, n ϭ 9) groups. Likewise, isoproterenol elicited similar increases in both the peak calcium density (P ϭ 0.49) and the calcium transient amplitude (P ϭ 0.16) in the placebo and in the n-3 PUFA (2 g/day) groups. The average peak calcium current density recorded at 1 Hz was Ϫ6.06 Ϯ 0.45 (n ϭ 5) in placebo and Ϫ5.51 Ϯ 0.66 pA/pF in n-3 PUFA (n ϭ 12) group, whereas the calcium transient amplitudes were 2.93 Ϯ 0.25 in placebo (n ϭ 14) and 2.41 Ϯ 0.24 in the n-3 PUFA (n ϭ 12) group. These data are consistent with the results obtained from the isoproterenol-treated trabeculae. Thus n-3 PUFA supplements did not alter either myocyte intracellular calcium handling or the inotropic response to ␤-adrenoceptor stimulation.
DISCUSSION
The major findings of this study are as follows. First, dietary EPA ϩ DHA ethyl ester supplements elicited dose-dependent increases n-3 PUFA concentration in both RBCs and cardiac tissue, and furthermore, there was a near-perfect correlation between RBCs and LV, RA, or infarcted tissue n-3 PUFA levels. As such, RBC n-3 PUFA levels can serve as a reliable surrogate for cardiac tissue concentrations. Second, the n-3 PUFA supplements provoked significant reductions in heart Values are means Ϯ SE. LV, left ventricular; Pre, day before treatments began; Post, 3 mo after treatment began. Placebo, n ϭ 13; 1 g/day, n ϭ 5; 2 g/day, n ϭ 8; 4 g/day, n ϭ 10; and sham (4 g/day), n ϭ 4. *P Ͻ 0.05, Pre vs. Post. Note that heart rate was not affected by the placebo treatment. Values are means Ϯ SE. Placebo, n ϭ 13; 1 g/day, n ϭ 5; 2 g/day, n ϭ 8; 4 g/day, n ϭ 10; and sham (4 g/day), n ϭ 4. *P Ͻ 0.05, Pre vs. Post. Note that neither heart rate nor heart rate variability was affected by the placebo treatment.
rate that were accompanied by significant increases in heart rate variability that both occurred independently of the dose used. Third, despite large increases in cardiac tissue n-3 PUFA concentration (up to a 16.4-fold increase in the omega-3 index with 4 g/day n-3 PUFA), supplementation did not alter ventricular mechanical function either in vivo or in vitro in dogs with healed MIs. In vivo, fractional shortening, LV systolic internal diameter, and LV diastolic internal diameter did not change over time and were not altered by any dose of n-3 PUFAs. In vitro, the developed force per cross-sectional area, the length-tension (Frank-Starling mechanism) relationship, the force-frequency relationship, and the positive inotropic response to increasing doses of the nonselective ␤-adrenoceptor agonist isoproterenol were similar in right ventricular trabeculae from all treatment groups. Finally, both the L-type calcium current density and calcium transients (at baseline and during ␤-adrenoceptor activation) were the same in LV myocytes from n-3 PUFA-and placebo-treated animals. These in vivo and in vitro findings demonstrate that dietary n-3 PUFAs do not adversely affect ventricular function in damaged hearts.
RBC membrane and cardiac tissue n-3 PUFA levels. Although the American Heart Association currently recommends about 1 g of EPA ϩ DHA per day for patients with known coronary heart disease (37), the optimal n-3 PUFA dose has not been determined. The majority of the clinical or experimental studies that evaluated the cardiovascular benefits of dietary fish or fish oil supplements failed to report either blood or tissue n-3 PUFA levels. However, there are clinical studies in which blood/serum levels of n-3 PUFA have been reported (1, 55, 57) . For example, 1 g/day of the same n-3 PUFA supplement that was used in the present study elicited a doubling of the n-3 PUFA portion of the plasma phospholipids (from 5.1 Ϯ 0.5 to 10.4 Ϯ 0.5%) after 12 wk of treatment in healthy volunteers (20) . In a similar manner, epidemiological studies have reported a strong inverse relationship between the risk for sudden death and blood n-3 PUFA levels (1, 57). For example, Albert et al. (1) reported that subjects in the highest quartile for blood long-chain n-3 PUFA levels (mean, 6.9%; and range, 6.1-10.2%) had a 90% lower risk for sudden death compared with those in the lowest quartile (mean, 3.6%; and range, 2.1-4.3%). In agreement with the present study, n-3 PUFA supplements have also been shown to produce a dose-dependent enrichment of RBCs and cardiac tissue in healthy dogs (31) and human cardiac transplant patients (32) .
Effect of n-3 PUFA on heart rate and heart rate variability. In the present study, all three n-PUFA treatment doses elicited similar reductions in baseline heart rate that were accompanied by corresponding increases in heart rate variability. Interestingly, these heart rate and heart rate variability changes were similar to those induced by endurance exercise training in a postinfarction canine model of sudden cardiac death (3, 4, 6) . In agreement with this finding, clinical and experimental studies report that n-3 PUFA ingestion (16, 17, 30, 46, 50) or acute intravenous administration (7) lowered heart rate and increased heart rate variability, suggestive of an increase in cardiac parasympathetic tone (3) (4) (5) (6) . However, there are also studies in which n-3 PUFA failed to alter either heart rate variability or other measures of autonomic function, such as baroreceptor reflex sensitivity (25, 27) . Furthermore, the positive actions of n-3 PUFAs on heart rate or heart rate variability were modest in some studies (47, 48) . For example, a meta-analysis of 30 Fig. 3 . Effect of increasing doses of dietary n-3 PUFA on the contractile response of isolated right ventricular trabeculae. A: effect on the length-tension (Frank-Starling) relationship. B: effect on the force-frequency relationship. C: effect on the positive inotropic response elicited by increasing dose of isoproterenol. Note that the contractile responses were similar in the n-3 PUFA-(regardless of dose) and the placebo-treated animals. Placebo, n ϭ 14; 1 g/day, n ϭ 5; 2 g/day, n ϭ 5; and 4 g/day, n ϭ 10; one muscle per animal. trials (n ϭ 1,678) found that fish oil supplements (ϳ3.5 g/day of EPA ϩ DHA) reduced baseline heart rate by 2.5 beats/min (48), whereas Mozaffarian et al. (47) reported that individuals with the highest fish consumption (Ն5 meals/wk) only exhibited 1.5 ms greater heart rate variability compared with those with the lowest fish consumption. Although this difference was statistically significant, the physiological relevance of such a small change remains an open question. Indeed, these investigators calculated that only a 1.1% reduction in the relative risk for sudden cardiac death could be associated with this increase in heart rate variability (47) .
The mechanisms responsible for the n-3 PUFA-induced decreases in heart rate and increases in heart rate variability were not investigated in the present study. However, there are at least two possible explanations for these observations. First, the high-frequency component of the R-R interval variability increased following 3 mo of n-3 PUFA treatment. Although there are limitations with this index (53) , it is now generally accepted that it can provide an indirect (qualitative) assessment of cardiac parasympathetic regulation (5, 62). As such, the reduction in heart rate that accompanies n-3 PUFA treatment could reflect an enhanced parasympathetic efferent (either of central or peripheral origin) regulation of the heart. Second, n-3 PUFA have been recently reported to reduce the pacemaker current (I f ) in sinoatrial node cells obtained from rabbits fed diets enriched with fish oil but not in cells isolated from the hearts of animals fed sunflower oil (65) . It is interesting to note that in the present study, atrial tissue also tended to exhibit higher concentrations of n-3 PUFA than ventricular tissue. Thus the heart rate reduction induced by n-3 PUFA treatment could result from both direct (reductions in pacemaker current) and indirect (enhanced cardiac parasympathetic efferent activity) actions of these agents on the heart. Effect of n-3 PUFA on ventricular contractile function. As previously noted, clinical studies often produced conflicting results; some studies have reported significant reductions in all-cause mortality including a substantial reduction in sudden cardiac death (14, 43) , whereas in other studies, n-3 PUFAs supplements or fish consumption either failed to alter mortality (69) or actually increased all-cause mortality (26% increase over 9 yr follow-up period) and sudden cardiac death (54% increase) (15) , although the design of the latter study has been criticized (66) . In a similar manner, EPA ϩ DHA did not alter cardiac events or arrhythmias in patients with implantable cardioverter defibrillators (12) . There have been at least three meta-analyses of cardiovascular outcome trials: one failed to find a relationship between fish or fish oil consumption and a reduction in cardiac mortality (35) , a second analysis found a relationship between a reduced incidence of sudden death in MI patients and n-3 PUFA consumption but an increased risk for adverse cardiac events in patients with angina (70) , and the third study reported a significant dose-independent reduction in cardiac mortality but not in sudden cardiac death or in all-cause mortality (39) .
Since an acute administration of n-3 PUFAs to cellular preparations can reduce calcium currents and intracellular calcium, the negative inotropic actions of these lipids could adversely impact contractile function in patients with hearts compromised by MI, thereby accounting for the increased mortality reported in the DART-2 study (13, 15) . Indeed, calcium channel antagonists have been shown to increase mortality in those patients with the greatest impairment of LV function following MI (11, 28) .
To date, there have been relatively few studies that evaluated the effects of n-3 PUFAs on cardiac function and none that have examined these actions both in vivo and in vitro. Experimental studies demonstrated that dietary fish oil supplements attenuated cardiac hypertrophy and improved cardiac function in mice with genetic systemic carnitine deficiency (61) and prevented contractile dysfunction in a rat model of pressure overload-induced heart failure (21, 22) . Dietary n-3 PUFAs also attenuated tachypacing-induced elevations in LV enddiastolic pressure in a canine model of heart failure (56) . Similarly, isolated Langendorff-perfused hearts exhibited a better preservation of contractile function during reperfusion after global ischemia compared with hearts from rats that did not receive diets enriched with fish oil (67) . In the nonhuman primate, tuna fish oil and sunflower oil enhanced ventricular filling and ejection fraction compared with diets enriched with saturated fat (44) . In contrast, fish oil supplements reduced LV systolic pressure and maximum first derivative of left ventricular pressure by 20% in exercise-stressed rats compared with nonexercising animals (42) . In humans, LV systolic function was not altered by 12 wk of n-3 PUFA supplementation in patients with MI (58), whereas fish oil supplements improved LV function in children with dilated cardiomyopathy (51) . Collectively, these conflicting data suggest that dietary n-3 PUFAs have no major effects on contractile function. This conclusion is further supported by our findings.
Effect of n-3 PUFAs on myocyte calcium handling. The initiation of contraction is critically dependent on calcium entry via L-type calcium channels during phase 2 of the cardiac action potential. This calcium entry triggers calcium release via action on ryanodine receptors (calcium release channels) from the sarcoplasmic reticulum, a process known as calciuminduced calcium release. Thus factors that alter calcium-induced calcium release could profoundly alter force development. The acute application of n-3 PUFAs to myocytes can inhibit L-type calcium currents (33, 67) with corresponding reductions in the amplitude of depolarization-induced calcium transients (49, 52, 60) . Furthermore, n-3 PUFAs can also reduce the open-time probability of single ryanodine (i.e., the sarcoplasmic reticulum calcium release) channels incorporated into planar lipid bilayers (60) and to decrease spontaneous calcium waves and local calcium release events (calcium sparks) in cardiac myocytes (34, 52, 60) . Recently, the acute administration of EPA (20 M) to myocytes obtained from failing hearts lowered intracellular calcium (19) . Thus the acute application of n-3 PUFAs to isolated myocytes could reduce intracellular calcium and, thereby, could decrease contractile responses.
While these studies evaluated the effects of acute applications of n-3 PUFAs, the chronic effects of n-3 PUFA supplementation remain largely to be determined. In the present study, neither L-type calcium currents nor calcium transients were altered in n-3 PUFA compared with placebo-treated dogs. These data are consistent with the neutral effects of EPA ϩ DHA as described in the previous section. However, these results contrast with those described in the only other report in which the chronic effects of dietary fish oil on cardiac calcium currents have been examined. Coronel and coworkers (64) reported that myocytes from pigs fed EPA ϩ DHA exhibited decreased L-type calcium current (Ϫ15%) and sodium/calcium exchanger current (Ϫ60%). The resulting decreased calcium entry would reduce systolic calcium levels (and thereby force development), whereas decreased sodium/calcium exchanger current activity would promote diastolic calcium accumulation (and thereby, delay relaxation). Interestingly, these investigators also found that the hearts isolated from the pigs given the fish oil supplement were more prone to ventricular arrhythmias during regional ischemia than hearts from pigs given the standard diet. Species differences likely account for the seemingly disparate results obtained in pigs and in dogs. For example, pigs possess a calcium-dependent transient-outward current, an important regulator of repolarization that is absent in both dogs and humans (40) . Thus the route of n-3 PUFA administration can provoke different actions on calcium regulation and thereby contractile function. The acute application of n-3 PUFAs may reduce intracellular calcium levels, whereas dietary EPA ϩ DHA may not alter either calcium entry or the resulting calcium transient.
Limitations of the study. It must be acknowledged that there are a few limitations with the present study that could influence the interpretation of the results. First, the MI did not alter baseline contractile function as assessed by echocardiography. As such, the potential benefits of n-3 PUFA could be difficult to determine. It is possible that a larger response (either positive or negative) to the n-3 PUFA therapy might occur in models of heart failure or in animals in which the MI induced more overt mechanical dysfunction. Furthermore, it is important to emphasize that n-3 PUFA treatment reduced heart rate. A reduction in heart rate would reduce the metabolic stress placed upon the injured heart, a positive benefit that might help maintain contractile function by counterbalancing reductions that could occur over time (i.e., prevent decompensation). However, mechanical function was not altered in the placebo group, an observation that would tend to argue against a protection from a time-dependent worsening of ventricular pump function.
Second, one could argue that the lipid supplements given to the placebo group may have afforded some protection from a decline in mechanical function and as such would mask any putative benefits of the n-3 PUFA treatment. The present study did not include a nontreated group. However, in a previous study, we used echocardiography to evaluate ventricular function following MI in animals placed on either 10 wk of exercise training or an equivalent sedentary period (9) . There were 10 sedentary dogs in this study from which data could be obtained. As with the placebo treatment, neither LV fractional shortening (pre, 40.8 Ϯ 1.5% vs. post, 38.2 Ϯ 2.0%) nor ventricular dimensions (diastolic: pre, 4.26 Ϯ 0.16 vs. post, 4.15 Ϯ 0.16; and systolic: pre, 2.51 Ϯ 0.15 vs. post, 2.55 Ϯ 0.15 mm) changed during the 10-wk sedentary period. It, therefore, seems unlikely that corn oil (placebo) treatment altered contractile function in the present study.
Third, for technical reasons (i.e., temperature-dependent compartmentalization of the calcium fluorescent dye, movement from the cytosol into the sacroplasmic reticulum and mitochondria at higher temperatures), the calcium current and calcium transient studies were performed at room temperature. As the fluidity of the membrane and lipid rafts in which the ion channels reside are affected by temperature, it possible that n-3 PUFA effects of calcium channel function would be more obvious at body temperature as opposed to room temperature. For the reasons stated above, caution must be used when extrapolating the findings of the present study to the clinical setting.
Summary and conclusions. In the present study, EPA ϩ DHA ethyl esters did not alter fractional shortening in intact animals, the contractile response of isolated right ventricular trabeculae, or L-type calcium current and calcium transients in isolated LV myocytes from dogs with healed MI, despite a nearly 17-fold increase in the LV n-3 PUFA concentrations. It, therefore, seems unlikely that n-3 PUFA-mediated reductions in cardiac performance contributed to the increased mortality reported in DART-2 (15). In fact, EPA ϩ DHA ethyl ester supplements produced small but significant reductions in mor-tality (but not sudden death rates) in heart failure patients (26) , data that also strongly suggest that n-3 PUFAs do not exert adverse actions on contractile function in individuals with advanced cardiac disease. One may, therefore, conclude that dietary n-3 PUFAs do not adversely affect contractile function even in patients in which the heart has been compromised by MI.
